Crypthecodinium cohnii (dinoflagellate) and Schizochytrium sp. (thraustochytrid) are the main sources for docosahexaenoic acid (DHA). The present study aimed to evaluate the antioxidant activity of petroleum ether, ethyl acetate, n-butanol, and water fractions of alcohol aqueous extracts of these two microalgae and to provide a theoretical basis for comprehensive utilization. The antioxidant activity was determined by total antioxidant capacity (TAC) determination, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay, ferrous ion-chelating ability (FICA) assay, and reducing power (RP) assay. The total phenolic content (TPC) and total flavonoid content (TFC) were also measured by the Folin-Ciocalteu and spectrophotometry methods, respectively. The results indicated that the extracts from these two microalgae possessed good antioxidant capacity. Analysis showed that most antioxidant performance indicators (TAC, DPPH, and RP) were positively correlated with the TPC of the extracts, suggesting that the phenolics might be the major components in C. cohnii and Schizochytrium sp., contributing to their antioxidative function. Therefore, the polar fractions of C. cohnii and Schizochytrium sp. could be further examined and considered for application in health products or cosmetics.
Introduction
Crypthecodinium cohnii and Schizochytrium sp. are two important microalgae for docosahexaenoic acid (DHA) production (Fedorova-Dahms et al., 2014; Gaffney et al., 2014) . C. cohnii, distributed world-wide, is a marine heterotrophic microalga (dinoflagellate) (Beam and Himes, 1982) . Until recently, studies of C. cohnii have focused on cultivation (Pleissner and Eriksen, 2012; Hillig et al., 2013) , DHA production (Gong et al., 2015) , the biological activity of DHA (Fedorova-Dahms et al., 2014) , and DHA applications in the breeding and aquatic industries (Schiavone et al., 2007; Ganuza et al., 2008) . Schizochytrium sp. belongs to the Stramenopila (thraustochytrid) kingdom and generally lives in marine habitats throughout the world (Lippmeier et al., 2009; Fedorova-Dahms et al., 2011) . Many studies have been concerned with cultivation optimization (Ling et al., 2015; Guo et al., 2016) , safety evaluation of the algal oil (Lewis et al., 2016) , and applications in the aquatic product industry (Ganuza et al., 2008; Li et al., 2009) . To date, there have been only limited reports examining the antioxidant activity of these two microalgae. Lv et al. (2014) explored the antioxidant activity of the microalgae oil of Schizochytrium aggregatum. Gaffney et al. (2014) reported that flaxseed oil supplementation enhanced the antioxidant status of the microalgae Schizochytrium sp. However, extracts of different polarities from these two microalgae have rarely been investigated. Since no reports about harmful compositions in these two microalgae are known (Fedorova-Dahms et al., 2011) , it is of interest to investigate the extracts of different polarities for high value-added by-products to reduce the cost of DHA production.
Antioxidants play critical roles in preventing and treating many degenerative diseases such as cancer (Kasala et al., 2016) , cardiovascular disease (Sugamura and Keaney, 2011) , and schizophrenia (Wu J.Q., et al., 2013) by neutralizing free radicals. However, synthetic antioxidants have side effects and are detrimental to the human body (Pan et al., 2007) . Therefore, there is a real need to explore natural compounds with a higher antioxidant activity. Antioxidant capacity, an important index for food and drug efficacy evaluation, is of significant value in the process of screening for antioxidant activity components. There are numerous methods for antioxidant evaluation; for example, 2,2-diphenyl-1-picrylhydrazyl (DPPH), total radicaltrapping antioxidant parameter (TRAP), reducing power (RP), oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant power (FRAP), and 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays are commonly used (Alam et al., 2013; López-Alarcón and Denicola, 2013) . Since no standardized method has been identified, two or more of the above methods based on different mechanisms can be chosen for evaluating the antioxidant capacity of tested materials.
As far as we are aware, no study has yet been reported which examines the antioxidant activity of the polar compositions of these two microalgae. Hence, we aim to evaluate the antioxidant activity of the alcohol aqueous extracts of C. cohnii and Schizochytrium sp. Two microalgae were extracted with 70% ethanol and the extracts were further successively extracted by petroleum ether, ethyl acetate, n-butanol, and water. Then, the antioxidant activity of the four different polar extracts was measured by total antioxidant capacity (TAC) determination, DPPH radical scavenging assay, ferrous ion-chelating ability (FICA) assay, and RP assay. The total phenolic content (TPC) and total flavonoid content (TFC) were further determined. A correlation analysis between TPC, TFC and indicators of antioxidant activity was also conducted. Our data help to clarify the antioxidant capacity of the aqueous ethanol extracts of C. cohnii and Schizochytrium sp. and provide a scientific basis for comprehensive utilization of these two microalgae.
Materials and methods

Chemicals
Ethanol, petroleum ether (boiling point (bp) 60-90 °C), ethyl acetate, n-butanol, ammonium molybdate, acetic acid, hydrochloric acid, ferrous chloride, ferric chloride, sulfuric acid, sodium phosphate, potassium ferric cyanide, trichloroacetic acid, sodium hydroxide, and sodium carbonate were purchased from local reagent companies in Jinan, China. DPPH, 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid) (Ferrozine), and 2,6-di-tert-butyl-4-methylphenol (BHT) were supplied by Sigma-Aldrich (Darmstadt, Germany). Gallic acid and Folin-Ciocalteu reagent were from Aladdin Industries Inc. (Shanghai, China). All chemicals were of analytical grade. Ultrapure water was obtained from the Milli-Q advantage A10 purification system (Massachusetts, USA).
Cultivation and collection of microalgae
The strains of C. cohnii (ATCC30334) and Schizochytrium sp. (ATCC20888) were purchased from the American Type Culture Collection (ATCC). C. cohnii was maintained on an ATCC460 medium, while ATCC790 medium was used for subculturing Schizochytrium sp. The two microalgae were cultured in a 500-ml conical flask containing 200 ml YSG medium (5 g/L yeast, 25 g/L sea salt, and 15 g/L glucose) and shaken at 160 r/min and 25 °C in a vertical shaker. Cells were collected by centrifugation and washed three times with distilled water. The harvest was dried at 40 °C in an oven for at least 24 h until it reached a constant weight. Then, the dried samples were ground and sieved to obtain a grain size of 0.45 mm powder and stored at −80 °C before use.
Preparation of the extract
The ground samples ((50±0.01) g) were each mixed with 750 ml of 70% (v/v) ethanol, and subjected to soaking for two days. The supernatant was filtered by filter paper, and re-extracted with the soaking method as before. The extract procedure was repeated six times and all supernatants were combined. The pooled extract was concentrated using a rotary evaporator under vacuum at 50 °C. The concentrated extracts were dried in a vacuum drying oven at 50 °C and weighed. The extraction yield was expressed as the mass percentage of the sample. Then, the residue was extracted with solvents of different polarities (petroleum ether, ethyl acetate, n-butanol, and water) and divided into four fractions. The aqueous ethanol extracts of C. cohnii were denoted as PE-C, EA-C, NB-C, and W-C, and those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S. The flow chart is given in Fig. 1 . The extract concentration was adjusted to 50 mg/ml with 70% ethanol and stored at 4 °C until further use. The concentrations were diluted to 0.5, 1.0, and 2.0 mg/ml before use.
Antioxidant capacity assay
The TAC assay method was carried out according to the method described by Pan et al. (2007) . Briefly, the extract solution of 0.5 ml (0.5, 1.0, and 2.0 mg/ml) was mixed with a 3-ml reagent solution, which contained sulfuric acid (0.6 mol/L), sodium phosphate (28 mmol/L), and ammonium molybdate (4 mmol/L). The reaction mixture was incubated in a water bath for 150 min at 95 °C, and then cooled to room temperature. The absorbance value representing the antioxidant activity of the samples was determined at 695 nm against distilled water as a blank. BHT (0.5 mg/ml) was used as the reference standard.
A DPPH radical scavenging activity assay was performed as described by Narwal et al. (2014) . DPPH (3 ml, 0.08 mmol/L) was added to the sample solutions and then mixed. After standing at room temperature for 30 min in the dark, the mixtures were measured at 517 nm against ethanol as a blank. BHT (0.5 mg/ml) was used as the reference standard. The radical scavenging activity was calculated according to the equation.
An FICA assay was performed as described by Choochote et al. (2014) . Distilled water (2.7 ml) was successively added, as well as 0.1 ml FeCl 2 (2 mmol/L) and 0.2 ml ferrozine (5 mmol/L) to the sample solutions. After incubation at 25 °C for 10 min, the absorbance was measured at 562 nm, and ethylenediaminetetraacetic acid disodium salt (EDTA-Na 2 ; 0.05 mg/ml) was used as a reference standard. The FICA was calculated as the reference.
The RP was measured according to the method described by Venuste et al. (2013) . Sodium phosphate buffer (2.5 ml, 0.2 mol/L, pH 6.6) and 2.5 ml potassium ferric cyanide solution (0.01 g/ml) were successively added to the sample solutions and incubated at 50 °C for 20 min. After cooling to room
Fig. 1 Extraction flow chart for different polar components of the two microalgae
The aqueous ethanol extracts of C. cohnii and Schizochytrium sp. were obtained and then extracted with solvents of different polarities (petroleum ether, ethyl acetate, n-butanol, and water) and divided into four fractions. Different fractions of C. cohnii are denoted as PE-C, EA-C, NB-C, and W-C, and those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S temperature, 2.5 ml trichloroacetic acid (0.1 g/ml) was added and mixed, then centrifuged at 5000 r/min for 5 min and 2.5 ml supernatant was obtained, which was mixed with 2.5 ml distilled water and 0.5 ml ferric chloride solution (1 g/L). The mixture was allowed to react for 10 min and the absorbance was read at 700 nm against distilled water as a blank; BHT (0.5 mg/ml) was used as the reference standard.
The sample solution volume used in the above three indices was 1.0 ml in three concentrations (0.5, 1.0, and 2.0 mg/ml).
Determination of total phenolic and flavonoid contents
TPC was determined according to the method described by Pan et al. (2007) . The sample volume in this test was 0.5 ml. Results were expressed as milligrams of gallic acid equivalent per gram of dry weight (mg GAE/g DW).
TFC was assessed as described by Saeed et al. (2012) with modifications. Briefly, a sample solution (1.0 ml) was mixed with 1.0 ml NaNO 2 (0.05 g/ml) and 1.0 ml AlCl 3 (0.1 g/ml). The mixture was incubated for 5 min, followed by transferring 10.0 ml NaOH (1 mol/L) to a 25-ml volumetric flask. After mixing, the absorbance was measured at 506 nm after 15 min. Results were expressed as milligrams of quercetin equivalents per gram of dry weight (mg QE/g DW).
Statistical analysis
Results were presented as mean±standard deviation (SD). Correlation analyses of the relationship between TPC, TFC and different antioxidant indexes were conducted with SPSS Version 16.0 by multiple linear regression. The statistical significance between the correlation curves was according to Pearson's correlation and the correlation was judged to be statistically significant when P≤0.05 or P≤0.01.
Results
Extraction of the microalgae
The extraction yields of the extracts are shown in Table 1 . The yield of alcohol aqueous extract of C. cohnii was about 4.1% higher than that of Schizochytrium sp. The above extracts were successively extracted by petroleum ether, ethyl acetate, n-butanol, and water. As the final residue was completely dissolved, the water fractions were relatively high in both microalgae, up to 51.95% and 43.72%, respectively. The ethyl acetate fraction was the lowest for both.
Total antioxidant capacity
The TAC of the extracts was determined and compared with that of BHT. The optical density indicated that the TAC of the two microalgae increased with increasing concentrations (Fig. 2) . The different polar fractions of C. cohnii were basically the same, and the capacity was similarly equivalent to that of the positive control at the same concentration (0.5 mg/ml). The ethyl acetate fraction of Schizochytrium sp. showed the highest antioxidant capacity, at almost two times that of the highest fraction of C. cohnii, followed by the petroleum ether fraction, which all were higher than the TAC of the positive control at 0.5 mg/ml.
DPPH radical scavenging activity
The comparison of DPPH radical scavenging activity of different polarities of the two extracts is shown in Fig. 3 . For C. cohnii, water and n-butanol fractions possessed nearly the same scavenging activity while the others exhibited a similar capacity. For Schizochytrium sp., water extracts exhibited a higher scavenging effect with 81.56%, 42.37%, and 20.58% at 2.0, 1.0, and 0.5 mg/ml, respectively. n-Butanol, ethyl acetate, and petroleum ether extract had almost the same scavenging activity. 
Ferrous ion-chelating ability
The FICAs of the different polarity fractions of the extracts were compared with that of EDTA-Na 2 . The water fraction of C. cohnii exhibited the highest chelating capacity of 63.13% under 2.0 mg/ml. The n-butanol fraction of C. cohnii possessed the lowest chelating capacity without obvious concentrationdependence (Fig. 4a) . The water and petroleum ether fractions of Schizochytrium sp. showed significantly higher FICA with 70.59% and 88.10%, respectively, at 2.0 mg/ml, and the n-butanol fraction exhibited the lowest activity (Fig. 4b) .
Reducing capacity
The reducing capacities of C. cohnii and Schizochytrium sp. also exhibited a concentration-dependent effect at different concentrations (Fig. 5) . The water fraction of C. cohnii had the highest reducing capacity, followed by the n-butanol and petroleum ether fractions, and the ethyl acetate fraction was the lowest, all of which were lower than that of the positive control of BHT at the same concentration (0.5 mg/ml). The petroleum ether fraction of Schizochytrium sp. possessed the highest RP. The other fractions showed a similar level, which was much lower than that of the positive control at the same level. By contrast, the RP of the extracts of C. cohnii was better than that of Schizochytrium sp.
Total phenolic and flavonoid contents
The TPC of the extracts varied from 42.95 to 140.52 mg GAE/g extract and the TFC from 0.31 to The aqueous ethanol extracts of these two microalgae were extracted successively by petroleum ether, ethyl acetate, n-butanol, and water. The four fractions of C. cohnii are denoted as PE-C, EA-C, NB-C, and W-C, while those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S. Samples are diluted into three concentrations (0.5, 1.0, and 2.0 mg/ml) and BHT (0.5 mg/ml) is used as a reference standard. Abs695: absorbance at 695 nm. Results are expressed as mean±SD (n=3) The aqueous ethanol extracts of these two microalgae were extracted successively by petroleum ether, ethyl acetate, n-butanol, and water. The four fractions of C. cohnii are denoted as PE-C, EA-C, NB-C, and W-C, while those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S. Samples are diluted into three concentrations (0.5, 1.0, and 2.0 mg/ml). Results are expressed as mean±SD (n=3) 134.05 mg QE/g extract (Fig. 6) . The n-butanol fractions of C. cohnii and Schizochytrium sp. had the highest phenolic content, 133.93 and 140.52 mg GAE/g, respectively, while the TFC was higher in the ethyl acetate fraction. The TPC and TFC of the other fractions of the two microalgae had a similar tendency.
Relationship of total phenolic and flavonoid contents and antioxidant ability
A regression analysis was performed for correlations between TPC, TFC and TAC, DPPH, FICA, and RP of different polar extracts of C. cohnii and Schizochytrium sp. The results are listed in Tables 2   and 3 . For C. cohnii, TPC correlated positively with TAC, DPPH, and RP values. Only FICA had no correlation with TPC, while TFC was significantly related to TAC. Therefore, the high antioxidant activity of extracts of C. cohnii might closely depend on the contents of the phenolic and flavonoid compounds. For Schizochytrium sp., TPC correlated positively but weakly with TAC and DPPH values, but negatively with the FICA value. TFC was significantly related to TAC and RP but not to other indexes. Hence, the TPC parameter represented a suitable measure of the antioxidant activity for C. cohnii but might not be the right indicator for Schizochytrium sp., which probably depended on TFC. The aqueous ethanol extracts of these two microalgae were extracted successively by petroleum ether, ethyl acetate, n-butanol, and water. The four fractions of C. cohnii are denoted as PE-C, EA-C, NB-C, and W-C, while those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S. Samples are diluted into three concentrations (0.5, 1.0, and 2.0 mg/ml) and EDTA-Na 2 (0.05 mg/ml) is used as a reference standard. Results are expressed as mean±SD (n=3) The aqueous ethanol extracts of these two microalgae were extracted successively by petroleum ether, ethyl acetate, n-butanol, and water. The four fractions of C. cohnii are denoted as PE-C, EA-C, NB-C, and W-C, while those of Schizochytrium sp. as PE-S, EA-S, NB-S, and W-S. Samples are diluted into three concentrations (0.5, 1.0, and 2.0 mg/ml) and BHT (0.5 mg/ml) is used as a reference standard. Abs700: absorbance at 700 nm. Results are expressed as mean±SD (n=3)
Discussion
The results indicated that the extracts of the two microalgae exhibited good antioxidant capacity. For C. cohnii, the extracts of different polarities showed a similar antioxidant activity on TAC, while the water and n-butanol fractions showed higher activity in the assays for DPPH and RP. For Schizochytrium sp., the ethyl acetate and petroleum ether fractions showed higher levels in the assays of TAC and RP, while the water fraction was the highest in the DPPH radical scavenging assay.
Microalgae are an attractive alternative resource as they are rich in bioactive chemicals (Encarnação et al., 2015; Luo et al., 2015; Khozin-Goldberg et al., 2016) . Much research on the antioxidant effect of different microalgae has been carried out (Safafar et al., 2015; Singh et al., 2016) . Polyphenol and flavonoid contents are commonly measured components referring to antioxidant activity (Pan et al., 2007; Saeed et al., 2012; Li et al., 2014; Narwal et al., 2014; Ying et al., 2017) . Previous studies also verified the relationships between algal phenols and antioxidant capacity (Hajimahmoodi et al., 2010) .
In order to identify the effective antioxidant composition in these two microalgae, we measured their total phenolic and flavonoid contents. Correlation analysis showed that TPC was significantly correlated with most antioxidant performance indicators (TAC, DPPH, and RP) for C. cohnii extracts, indicating the participation of phenolics as antioxidants. It has been reported that phenolic components may contribute to the antioxidant capacity of supplemented Schizochytrium sp. cultures (Gaffney et al., 2014) , but poor correlation between TPC and the antioxidant parameters of Schizochytrium sp. was observed in this study, indicating that TPC might not be the key antioxidant component present in the alcohol aqueous extract of this species, which is consistent with a previous study (Li et al., 2007) . TFC in Schizochytrium sp. was significantly correlated with TAC and RP. Although many studies have shown that phenolic compounds have an important effect against reactive oxygen species, other chemicals in the extracts of plants might have promoting or inhibiting effects on the antioxidant process (Podsędek, 2007) . In our study, TFC was only significantly correlated with TAC but not with others, which might reflect the The aqueous ethanol extracts of these two microalgae were extracted successively by petroleum ether, ethyl acetate, n-butanol, and water. Then, total phenolic and flavonoid contents of different fractions of these two microalgae were measured. Results are expressed as mean±SD (n=3) complex relationship among various natural antioxidant compounds. Antioxidants include diverse compositions, including polyphenols, vitamins, alkaloids, saponins, polysaccharides, and active peptides (O'Brien et al., 2006; Samaranayaka and Li-Chan, 2011; Carocho and Ferreira, 2013; Cheok et al., 2014; Zeng et al., 2014) . Our preliminary study also found polysaccharides in C. cohnii (data not shown). Therefore, whether polysaccharides or other components play the main roles in the antioxidant capacities of the two microalgae still needs to be analyzed.
Recently, the concept of comprehensive utilization, which allows maximization of the value and advantages of resources, has received significant attention (Wu X. et al., 2013) . As important materials in DHA, these two microalgae could produce substantial volumes of polar residues with constantly increasing DHA demand (Salem and Eggersdorfer, 2015) . Therefore, it is imperative to study the other high value-added products that are left over for cost reduction and sustainable development. Based on the above results, we concluded that the alcohol aqueous extracts of the two microalgae, C. cohnii and Schizochytrium sp., have relatively high antioxidant activity. To the best of our knowledge, this is the first study to evaluate the antioxidant capacity of the polar components of these two microalgae. The results reported here may give some insight and guidance on the comprehensive and high value-added utilization of these two microalgae, in addition to producing polyunsaturated fatty acids. Further studies need to be conducted to identify the antioxidant compounds present in C. cohnii and Schizochytrium sp., and to evaluate whether the antioxidant compounds that are present in the described extracts are suitable for dietary or cosmetic application.
Conclusions
In conclusion, we defined different polar extracts of the two microalgae that had certain antioxidant effects, which implied that other products could be considered for exploitation in addition to polyunsaturated fatty acids. The correlation analysis between the antioxidant capacity and the total polyphenol and flavonoid contents indicates that there are likely to be different types of antioxidants in these two microalgae. Therefore, we need to conduct further work to isolate and identify the other antioxidant components present in the two microalgae.
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